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Abstract 
The leakage of carbon dioxide (CO2) from deep geological storage into shallow aquifers has the potential to reduce the pH of the 
groundwater, which can facilitate dissolution and/or desorption of major cations and naturally occurring hazardous trace 
elements. Earlier studies show that desorption is the controlling mechanism for long term mobilization of solutes.  
In this paper, we study the mechanism of pH-dependent desorption of a cation (barium, Ba2+) and its transport behavior through a 
porous medium with a reactive surface dominated by iron oxide. We performed column flood experiments and numerical 
simulations applying conditions that resemble CO2-acidified brine leaking in a carbonate free potable shallow aquifer. The results 
show the formation of a retarded concentration front of desorbing Ba2+, with peak having a maximum concentration much larger 
than the initial value. The amplitude of the peak is sensitive to the pH of the acidified brine and the overall desorbed Ba2+ is 
controlled by the initial aquifer pH. This peak can locally exceed the Maximum Contaminant Level (MCL) regulated by the U.S. 
EPA presenting a health hazard.  
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1. Introduction 
The injection of carbon dioxide (CO2) into deep geological formations is considered one of the most promising 
carbon capture utilization and storage (CCUS) technology to mitigate anthropogenic emissions of greenhouse gases 
towards the atmosphere [1]. A storage site is selected on the basis of the characteristics of the caprock, i.e., rock 
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composition and integrity, to avoid CO2 leakage through faults and fractures. Of particular concern is the leakage of 
CO2 into potable shallow aquifers. As the mixing of CO2 with the groundwater can form CO2-acidified brine, which 
in contact with the host rock enhances the mobilization of naturally occurring hazardous trace elements such as, e.g., 
arsenic, barium, chromium, cobalt, mercury, strontium, and uranium by dissolution and/or desorption [2-4]. 
Hazardous trace elements can be either adsorbed on the surface or embedded in the crystal structure of the minerals, 
such as silicates, carbonates, iron oxides, and clays.  Recent field tests [5-7] have shown that upon interaction 
between the CO2-acidified brine and the host rock, the pH drops to values between 4-6 and the concentration of 
trace elements and major cations increases consequently to 2-50 times the initial value, exceeding in some cases the 
Maximum Contaminant Level (MCL) regulated by the U.S. Environmental Protection Agency. The maximum 
concentration was strongly dependent on the pH of the CO2-acidified brine, the type of mineral rock formation, and 
the combination of mechanisms such as dissolution, desorption, and ion exchange. 
To understand the underlying mechanism several authors have performed laboratory experiments [8-10] and 
numerical simulations under realistic conditions [4,11,12]. Overall, results show that in a carbonate free aquifer the 
pH can drop 2-3 units in a range where mineral dissolution and desorption are favored. The former controls the 
element concentration in the short term and the time required to reach supersaturation with respect to a solid phase 
while the latter controls the mobilization over the long term [13]. 
Here we study how pH-dependent desorption can affect the transport of a major cation (barium, Ba2+) through a 
porous media with a reactive surface made by goethite; we then consider which are the conditions that may lead to 
exceed the MCLs.  
 
Nomenclature 
q  volumetric flux, m/s 
Rw  source term, 1/s 
k  permeability tensor, Darcy 
P  fluid viscosity, Pa s 
p  pressure, bar 
U   density, kg/m3 
g  gravity constant, m/s2 
cm   dissolved metal concentration, mol/kg 
cht solution acidity, mol/kg  
zm   adsorbed concentration, mol/kg 
zh adsorbed protons, mol/kg  I void fraction, (-)  
D hydrodynamic dispersion tensor, m2/s 
Dm molecular diffusion, m2/s DL longitudinal dispersivity, m DT transverse dispersivity, m 
kw equilibrium constant for water hydrolysis, kg/mol 
km equilibrium constant for the adsorption of a metal, kg/mol 
kh equilibrium constant for the adsorption of a proton, kg/mol 
Zt total concentration of reactive sites, mol/kg 
2. Material and method 
We performed experiments using a chromatography column filled with silica beads coated with goethite. The 
porous media was initially equilibrated with a solution containing 1.2·10-5 mole/kg of Ba2+ at pH 8 and then flooded 
with an acidic solution of pH 4 without Ba2+. The effluent pH and cation concentration were measured inline every 1 
and 12 min, respectively, to observe highly resolved concentration fronts. More details about the experiments are 
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reported in our earlier work [14]. Conditions were selected on the basis of the composition of a potable shallow 
aquifer and an unbuffered CO2-acidified brine [4]. 
3. Mathematical and numerical modeling 
We developed a reactive transport model assuming single-phase incompressible flow in local chemical 
equilibrium. The model consists of the conservation of fluid mass  
 
      (1) 
 
      (2) 
 
Eqs. (1) and (2) are coupled with solute transport equations and a surface complexation model describing the 
reactive transport in a permeable medium with pH-dependent adsorption  
 
       (3) 
 
 
       (4) 
 
where D is the hydrodynamic dispersion tensor defined as  
 
       (5) 
 
and zm and zht are the adsorbed concentration given by the adsorption isotherms (shown in Figure 1) 
        
(6) 
 
 
 
       (7) 
 
 
More details about 
the model are 
given in [15]. 
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Fig. 1. Adsorption isotherms of protons (left) and barium (right) as a function of acidity and barium concentration in solution. k= (kh-km)/(khkm), 
with kh = 108.73 kg/mole, km = 105.46 kg/mole, and Zt=0.01 mole/kg. Indicated are also the conditions applied in the experiments and used for the 
numerical simulations. 
4. Results 
4.1. Parameter estimation  
By fitting the measured breakthrough curve of Ba2+ obtained from section 2 with the model described in section 
3, Zt was estimated to be equal to 0.03 mol/kg. Model and the experimental data upon optimization are shown in 
Figure 2. 
 
 
 
 
 
 
 
 
 
Fig. 2. Normalized barium concentration with respect to the initial value as a function of pore volume injected (PV). 
4.2. Simulations 
We considered a rectangular domain with the aquifer background flow from the left to the right (q = xxx m/s) and 
a leakage at the bottom. Under similar thermodynamic conditions applied for the column experiments we performed 
numerical simulations to investigate the mobilization of Ba2+ following the intrusion of acidic brine into an aquifer 
due to CO2 leakage from geological storage. Figure 3 reports the configuration of the domain where the shape of the 
flow-net shows the deflection of the CO2-acidfied brine due to background flow in the aquifer for a case where the 
latter flow is of 1 m3/d 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Geometry and flow net of the homogenous domain. 
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Simulations were performed for two sets of boundary and initial conditions. In one case, the pH of the leakage is 
equal to the pH of the shallow aquifer (pH = 8); while, in the second case, the leakage pH corresponds to the CO2-
acidified brine (pH = 4.5). Figure 4 and 5 report the results for different realizations. Figure 4 shows the 
mobilization of barium with a front moving at a speed much smaller than the groundwater as indicated by the tracer 
and with maximum concentration never exceeding the initial concentration in the shallow aquifer. Figure 5 shows an 
enhanced desorption of barium with a front moving at a speed smaller than the groundwater but with a peak of 
maximum concentration much larger than the initial value exceeding the MCL. We performed the same simulations 
considering heterogeneity in the permeability field. The patterns (not shown here) do not change in their structure, 
but only in the edges of the plumes vary due to heterogeneity. 
Study of the amplitude of the barium plume by varying the initial concentration, the initial aquifer pH, and the pH 
of the acidified brine shows that the latter is the more important condition that might favor large desorbed 
concentrations. Therefore, conditions that might buffer the pH of the acidic brine such as dissolving carbonate 
minerals can reduce the effect and the conditions are the most critical in carbonate free aquifers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Concentration patterns of barium, a tracer, and pH considering the leakage of pH 8. The symbol c0 indicates the initial value. 
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Fig. 5. Concentration patterns of barium, a tracer, and pH considering the leakage of pH 4.5. The symbol c0 indicates the initial value. 
 
 
5. Conclusions 
In this paper, we present experimental results and numerical simulations performed to investigate the effect of 
pH-depended desorption on Ba2+ transport. The problem is studied in the contest of CO2 leakage from underground 
storage into a potable shallow aquifer. Considering a porous media dominated by goethite and a acidified brine, the 
mixing between the groundwater and the brine leads to the formation of a retarded Ba2+ plume with a peak of 
magnitude as large as 5 times the initial value. The peak may exceed the MCLs if the pH of the CO2-acidified brine 
is not buffered by the presence, .e.g., of carbonate minerals. 
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